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ABSTRACT
There are many vehicles being developed which rely on electrically driven
propellers/rotors for both control and propulsion. Based on these vehicles, it is
hypothesized that there exists a size limit for speed-controlled propellers/rotors in terms of
propeller/rotor diameter. To investigate this, a scaling method was created to allow for a
vehicle to be created without being based on a specific mission or passenger/cargo
requirement. Relationships were developed to size both the physical vehicle and the weight
of the vehicle based on the propeller/rotor diameter. A simulation of a quadcopter was
created for the vehicle and scaled with both propeller/rotor diameter and vehicle thrust-toweight. The results from the simulation were then tested on a pass/fail system using three
metrics to determine the size limit for speed-controlled propellers. These metrics included
turbulence, disturbance rejection bandwidth, motor time constant, and rate requirements.
These metrics were selected from historical design requirements and relevant literature.
Based on the pass/fail of each metric the overall, size limit for speed-controlled
propellers/rotors was determined. The disturbance rejection bandwidth metric was
identified as the limiting metric with a maximum propeller/rotor diameter of 5 feet. It was
also identified that turbulence and rate requirements are not the limiting cases for this
design space.
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1. Introduction
Ten years ago, if a person wanted to go from John F. Kennedy International
Airport to Times Square, they would call a taxi. Five years ago, they would open their
phone and select an UBER. In a document by UBER, it is specified that long commute
times and increasing congestion on the U.S. road system drive up emissions, wasted time,
and lost productivity (Holden & Goel, 2016). To combat this, UBER wants to take to the
air.
UBER seeks to augment their current ride share options with a fleet of electric
Vertical Take-off and Landing (eVTOL) vehicles in partnership with Joby Aviation
(LeBeau, 2020). A subset of eVTOL vehicles is Urban Air Mobility (UAM) vehicles.
UAM vehicles are designed to transport passengers and cargo in an urban environment.
The FAA envisions small transportation hubs as shown in Figure 1.1 (FAA, 2020).

Figure 1.1 FAA concept of UAM operations.
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These hubs could be in an open area or on the top of a building. This would allow
for pick up locations to be in easily accessible areas for a commute, similar to the
Washington D.C. subway system.
1.1 Current Designs
There is a multitude of concept designs for UAM vehicles currently. Boeing and
Airbus both have design concepts along with many smaller companies. A representative
selection of UAM concept vehicles is shown in Figure 1.2. Some vehicles utilize a wing
with propulsive pods which are capable of tilting (A, B). Other designs are more like an
up scaled hobby quadcopter (C). Others are the combination of the previous with both
non-tilting rotors producing vertical thrust, a wing, and a dedicated pusher propeller (D).
Overall, the vehicles are a mix between helicopters and planes.

Figure 1.2 Example UAM vehicles. In order Joby S4 (Joby, 2021), Wisk Aero Cora
(Wisk, 2021), Moog SureFly Workhorse (SureFly, 2021), Bell Nexus (Bell, 2021).
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These designs are varied but there is one major theme that all of them follow: the
use of Distributed Electric Propulsion (DEP). DEP is what allows the UAM vehicles to
have many rotors. Whereas a traditional gas-powered system would require mechanical
linkage to connect each rotor with the engine, DEP allows for one central energy source
connecting to multiple motor and rotor pods.
Another look at current vehicles in the space is shown in Figure 1.3. It should be
noted that the vehicles shown in Figure 1.3 utilize several different control methods that
will be discussed in the next section. Based on Figure 1.3, it is suggested that a limit in
terms of rotor diameter exists. This is because of vehicles gross weights increasing and
the rotor diameter not increasing. From Figure 1.3, a rotor diameter limit of 10 feet or
less is believed to exist.

Figure 1.3 Current vehicles plotted on gross weight and rotor diameter.
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1.2 Control Methods
Given that UAM vehicles are a mix between helicopters and planes, the question
arises how they should be controlled. Planes generally use control surfaces which are not
able to provide control when in vertical or hovering flight. However, in hovering flight all
control must come from the propulsion system. This results in a coupling of propulsion
and control. The only thing that the pod can change is its thrust. To make this thrust
change, there are three methods: speed control, collective control, and cyclic control
which also allows for moment control. Table 1.1 details some pros and cons of the
control methods.

Table 1.1
Control methods pros and cons.
Speed
Cons

Pros
Simplest
method

Can only vary
thrust
magnitude

Least
mechanically
intensive

1 pod failing
necessitates
shutting off
another pod

Pros

Collective
Cons

Less
complicated
than cyclic

Can only vary
thrust
magnitude
Requires 1
linkage

Pros

Cyclic
Cons

Can vary
thrust
magnitude and
moments

Most
complicated

Requires 3
linkages

Speed control is the method of control commonly used on hobby drones. As its
name implies it varies thrust by varying the speed at which the propeller is spinning. Both
collective and cyclic control utilize some form of mechanical device to change the blade
pitch. Since these two methods use varying blade pitch to vary thrust, they generally
operate at a fixed speed. Collective controlled/variable pitch systems can be found on
many general aviation aircraft. Cyclic takes varying blade pitch a step further and uses 3
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linkages to vary the blade pitch with respect to the rotational position of the blade. This
allows for the thrust vector to be tilted, which allows for greater control authority.
Helicopters utilize cyclic control for their main rotors.
1.3 Problem Statement
The use of distributed electric propulsion leads to the coupling of propulsion and
flight control of air vehicles. There are several control schemes common to proposed
UAM vehicles: fixed pitch blades with RPM control, variable pitch collective controlled
blades with the ability to vary or govern RPM, and the full helicopter style of collective
and cyclic-pitch control. This research seeks to determine the boundary in terms of rotor
diameter where speed control is no longer viable and one of the other 2 methods of
control would be needed.
To determine the boundary at which speed control is no longer viable it is
necessary to determine metrics that need to be met for rotor speed control to be viable. It
is desirable that these metrics account for both increasing propeller/rotor diameter and
increasing thrust capability of the propeller/motor system. These metrics will be selected
from historical design requirements and relevant literature.
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2. Literature Review
The solving of the boundary between viable and not viable requires the
combination of multiple disciplines. The inertia of the blades, the size of the motor, and
the vehicle geometry to name a few of the aspects that drive this problem. This chapter
first looks at research that directly looks at the viability of speed-controlled
propellers/rotors, and then looks at research that is focused on the individual aspects of
the problem.
2.1 Size Boundary for Speed-Control based on Pod Thrust-to-Weight
The size boundary for speed-controlled rotorcraft was previously looked at
(Giovagnoli, 2018). This research determined the maximum size of a speed-controlled
propeller based on the Thrust-to-Weight (T/W) of the propulsive pod (T/WPOD). The
weights of the propulsive pod were determined using a torque analysis. For this torque
analysis, a change in speed of the rotor was selected of 77 milliseconds (Giovagnoli,
2018). This was combined with a fixed time in which the speed change had to occur.
With this, the torque needed to affect the speed change can be determined as long as the
inertia of the system is known. To determine the inertia, a thin rod approximation was
used. Finally, the torque needed was used to estimate the weight of an electric motor that
could produce the needed torque. The results generated from this method are shown in
Figure 2.1. The results seen in Figure 2.1 imply that the diameter limit is 32 ft., however,
a T/WPOD of 1 cannot lift anything but itself and is not useful. A T/WPOD greater than 1 is
required for the pod to be viable on a vehicle. This research is a follow up to the work
done by Giovagnoli.
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Figure 2.1 Size boundary for speed-controlled rotors (Giovagnoli, 2018).

2.2 Handling Qualities Based Analysis of Speed-Control
More recently, the handling qualities of both speed-controlled and collective
controlled rotors was looked at by NASA’s Ames Research Center (Malpica & WithrowMaser, 2020). For the speed-controlled rotors, the dynamics of the coupling of electric
motors and rotors was also investigated. To this end, the time constant of the coupled
motor and rotor was determined for each configuration. This time constant was
determined to be a driving force behind the viability for the speed-controlled concepts.
The time constant is a measure of the lag in the motor and rotor. As can be seen in Figure
2.2, the time constants for the vehicles are in the range of 0.24-0.32 s. The time constant
of the coupled motor and rotor system drove the system to be unstable as the broken-loop
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crossover frequencies and phase margins are negative (Malpica & Withrow-Maser,
2020). Additionally, the smallest time constant of 0.24 s was stated as problematic by
Malpica and Withrow-Maser.

Figure 2.2 Time constant of the coupled motor and rotor system (Malpica and WithrowMaser, 2020).

Multiple studies into quadcopter controllability have been conducted by the
Center for Mobility with Vertical Lift which is a part of Rensselaer Polytechnic Institute.
In the first study, simulated speed-controlled quadcopters with rotor diameters ranging
from 1 to 8 feet were evaluated using handling quality metrics (Walter et al., 2019).
Walter et al. concluded that rotors with a diameter over 4 feet suffered from saturation of
the motor input when the handling qualities requirements were met. No control law was
able to be developed that met level 1 handling qualities and did not saturate the motor
input. Furthermore, Walter et al. suspected that any rotor larger than 2 feet in diameter
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would benefit from increasing the size of the motor at the expense of weight.
Additionally, Walter et al. stated that rotors with a diameter of six feet or greater cannot
produce thrust changes quickly enough to have satisfactory response times.
In a follow-up study to Walter et al. (2019), Walter et al. (2020) sought to
quantify what increase in motor weight would be necessary to satisfy both level 1
handling qualities and not saturate the motor input. To do this, they looked at rotor
diameters of 4, 6, and 8 feet. These quadcopters also varied in weight with gross weights
of 300, 680, and 1200 lb. respectively. This weight and diameter variation kept disk
loading constant. Walter et al. were able to successfully increase the motor weights of
these vehicles to satisfy the previously stated conditions. For the 300 lb. vehicle, a motor
weight fraction of 9.7% to 12.4% was necessary. The 680 lb. vehicle required a motor
weight fraction of 13% to 14.4%. Finally, the 1200 lb. vehicle had a motor weight
fraction of 16.8%. With these weight fractions, the quadcopters were able to have level 1
handling qualities and not saturate the motor input.
2.3 Vehicle Shape and Configuration
As previously mentioned, eVTOL vehicles come in all shapes and sizes. These
designs can be set into two major categories: winged and wingless (Viera et al., 2019).
These categories can be seen if Figure 2.3. Figure 2.3 also ranks the configurations in
terms of qualitative complexity with multicopters being the simplest and tilt-wing
vehicles being the most complex. Because of this simplicity or complexity, Vieira et al.
views that the first eVTOL UAM vehicles should be of the multicopter variety. This is
supported by the Chinese company Ehang which performed their first flight in 2015 and

10
since has over two thousand trial flights across the globe (Ehang, 2020). Their vehicle is
a multicopter featuring 16 fixed-pitch propellers arranged around a central cabin.
A more in-depth dive into the advantages and disadvantages of each design was
looked at (Bacchini & Cestino, 2019). They looked at a multicopter, a lift plus cruise, and
a vectored thrust design and compared them on several major parameters. These
parameters include disk loading, hover time, range, flight time, and cruise speed. These
parameters were determined for each design over three different representative missions.
Bacchini and Cestino determined that of the configurations considered the multicopter
has the best efficiency in hover and is, as such, the best for shorter missions that spend
more time in hover. However, the multicopter has the worst range of the three designs.
The vectored thrust, by benefit of having a wing, performs well for range and has better
cruise efficiency than the multicopter and the lift + cruise. Finally, the lift + cruise is the
combination of both and is essentially a compromise between the other two designs.

Figure 2.3 Types of eVTOL configurations with comparison of complexity (Vieira et al.
2019).
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Hascaryo and Merret (2020) attempted to perform initial sizing estimates for
eVTOL UAM vehicles that was independent of design. They followed classical design
methods where a mission and initial weight is input, and component weights are then
determined in an iterative process. Hascaryo and Merret concluded that designs that do
not have a wing have greater energy demands than designs that do have a wing and, as
such, have a range that is less than a winged vehicle. This concurs with the results by
Bacchini and Cestino that multicopters are penalized for their simplicity by their shorter
range.
It has been established that multicopters are best at short range because of their
increased energy demand with range, then lift plus cruise, finally tilt wing at long range.
Kraenzler and Schmitt determined the breakpoints for where the transition between
designs should occur (Kraenzler & Schmitt, 2019). They performed conceptual design on
each of the designs and varied the range to do this. Their results are that a multicopter is
the most efficient up to a range of approximately 20 km. After 20 km and until 60 km the
lift plus cruise design is the winner. Finally, greater than 60 km the tilt wing is the most
efficient.
The research mentioned previously has focused on range and efficiency to
identify the best design of the designs shown in Figure 2.3, Kadhiresan and Duffy (2019)
evaluated the conceptual design of multicopters, tilt wings, lift + cruise, and conventional
helicopter vehicles in terms of weight. They identify that the helicopter has the heaviest
propulsion system of the stated designs, but they can fly faster than a multicopter.
Additionally, they agree with the previously stated work by Bacchini and Cestino that tilt
wings have the highest cruise efficiency. Overall, they chose the lift plus cruise
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configuration to be the optimal design for UAM applications because of it being the
combination of both the multicopter and the tilt wing. This combination balances out the
advantages and disadvantages of the other designs.
In their work, Malpica and Withrow-Maser (2020) modelled quadcopters. This
fits with Figure 2.3 showing that multicopters are the least complex of the eVTOL
designs. This modelling was done using the NASA Design and Analysis of Rotorcraft
(NDARC) software and other software.
A study on the optimal design process of an eVTOL was done by Lee et al (Lee et
al., 2020). For their analysis they chose a tilt-wing as the best design for an eVTOL based
on better cruise speed and range. Specifically, they compared current designs in the
categories of lift + cruise (Aurora PAV), multicopter (Volocopter), and tilt-wing
(Vahana).
2.4 Motor Sizing
The propulsion system for electric vehicles is composed of several different
pieces. The weight and sizing of these pieces also changes if they were designed for the
aviation or for the automotive industry (Duffy et al., 2018). Figure 2.4 shows the
components that go into the propulsion system of an eVTOL vehicle.

Figure 2.4 Propulsion system components (Duffy et al. 2018)
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In terms of just the motor, Duffy et al. (2018) looked at motors manufactured by:
Emrax, Joby, YASA, and Siemens to name some. They identified that the data that was
used is manufacturer data and that it would ideally be validated with testing data. Overall,
Duffy et al. identified that motors made for aviation are the optimal option for eVTOL
operations.
Given that, for the most part, a UAM vehicle is a larger Unmanned Autonomous
Vehicle (UAV); it is logical to assume that the design process and method should follow
a UAV design process. The design of a DEP UAV was looked at (Ma et al., 2020). In
their research a small DEP UAV was designed. This design led to the creation of Figure
2.5. Figure 2.5 shows that approximately half of the propulsion system weight is in the
motors.

Figure 2.5 Propulsion system weight breakdown (Ma et al, 2020).
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2.5 Motor Modelling
The majority of motors being used for eVTOL vehicles are a type of motor known
as a Permanent Magnet Synchronous Machine (PMSM). PMSMs generally have
permanent magnets in the rotor and stator armature (Mills & Datta, 2018). PMSMs utilize
a 3-phase inverter connected to the AC motor. Both Malpica and Withrow-Maser and
Mills and Datta propose that it is possible to model the complicated AC motor and
inverter as an equivalent DC motor. This modelling is shown in the circuit diagram in
Figure 2.6.

Figure 2.6 DC motor circuit diagram (Mills & Datta, 2019).

The circuit diagram shown in Figure 2.5 results in Equation 2.1. Mills and Datta
take this further by determining the equation of motion for a propeller/rotor that is
coupled to the equivalent DC motor. This is shown in Equation 2.2.
𝐿𝑎

𝑑𝑖𝑎
= −𝑅𝑎 𝑖𝑎 − 𝐾𝑒 𝑟Ω + 𝑉𝑎
𝑑𝑡

(𝐼𝑟 + 𝐽𝑟 2 )

𝑑Ω
= 𝐾𝑚 𝑟𝑖𝑎 + 𝑄𝐴 − 𝐵𝑟 2 Ω
𝑑𝑡

(2.1)

(2.2)
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Malpica and Withrow-Maser then showed that with assuming that La is equal to
zero, it is possible to derive the natural time constant for the coupled motor and
rotor/propeller. This can be seen in Equation 2.3.
𝑇𝑐 =

(𝐼𝑟 + 𝐽𝑟 2 )
𝑐𝐾𝑒2 𝑟 2 𝛿𝑄𝐴
2 − 𝑐𝐾𝑒 𝑟 𝛿𝑉
−
+
𝐵𝑟
𝑅𝑎
𝑅𝑎 𝛿Ω
𝛿Ω

(2.3)

Equation 2.3 estimates the time constant based on the motor and rotor/propeller
parameters. This time constant directly relates to the lag in a vehicle and was cited by
Malpica and Withrow-Maser, 2020 as being the prime reason that their designs were
unstable.
2.6 Blade Parameters
In terms of the blades there are two major parameters for the analysis: the weight
and the inertia. Malpica and Withrow-Maser used NDARC to determine the blade inertia
for their quadcopters. NDARC has empirical equations for both weight and inertia for
both helicopter rotors and lifting propellers. However, NDARC’s rotor models are based
off helicopters like the UH-1 Huey. The UH-1 first flew in 1962 and has a blade length of
24 feet. Most eVTOL concepts are using blades considerably smaller with sizes much
closer to an airplane propeller. In looking at the scaling of eVTOL’s, Duffy et al. used
fixed pitch aircraft propellers for the analysis. They looked at both single piece blades
and hub blades. Additionally, Duffy et al. cite the advancements in composite
technologies as significantly decreasing the weight of propellers.
For the blade inertia, a common method is to assume the blade is a thin rod of
uniform cross-sectional area (Gudmundsson, 2014). This is an approximation but
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provides good estimation. This is the method that Giovagnoli used for his analysis in
2018.
It is important to discuss the difference between a propeller and a rotor. A rotor
can change the blade pitch. Furthermore, a rotor blade can flap and lag through the use of
hinges. This is accomplished through hinges built into the hub of the rotor. Figure 2.7
shows this for an articulated rotor.

Figure 2.7 Articulated rotor hub and blade schematic (Johnson 2013).

The flapping hinge allows for the blade to flap. This means that as the blade
rotates it moves up and down depending on the position it is at in its rotation and the
direction of the wind. The lag hinge is similar, it allows the blade to ‘lag’ or change the
angle that it has to the shaft. There are several other designs for rotor hubs that are
discussed (Johnson, 2013). This ability to flap and lag is not seen in propellers.
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2.7 Aerodynamics
UAM vehicles have two major modes of flight: hover and forward. In hovering
flight, the aerodynamics follow traditional rotorcraft aerodynamics. A common tool in
helicopter aerodynamics is momentum theory. Figure 2.8 shows the control volume for
momentum theory (Leishman, 2016).

Figure 2.8 Flow model of momentum theory (Leishman, 2016)

Momentum theory assumes a 1-D flow parallel to the rotor shaft and
perpendicular to the disk plane. Additionally, the flow is assumed to be steady and
incompressible. Figure 2.8 has four major sections. Working from the top down the first
is denoted by 0 and is above the plane of the disk and has a velocity of 0. The second is
just above the disk and is denoted with a 1. Section 1 has an induced flow velocity νi. The
next section is denoted by a 2 and is directly below the disk. An important note is that
sections 1 and 2 are considered as being close enough to the disk that their respective
areas are the same and are equal to the disk area. The final section is denoted with ∞.
This section is far downstream of the disk.
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For the control volume detailed above and shown in Figure 2.8, it is possible to
apply the principle of conservation of mass leading to Equation 2.4.
⃑ ⋅ 𝑑𝑆
𝑚̇ = ∬ 𝜌𝑉

(2.4)

The previously stated assumption of a 1-D flow which is incompressible allows
Equation 2.4 to be written as Equation 2.5.
𝑚̇ = 𝜌𝐴2 𝜐𝑖 = 𝜌𝐴∞ 𝜔

(2.5)

Applying conservation of momentum yields the following expression for thrust.
⃑ ⋅ 𝑑𝑆)𝑉
⃑ = 𝑚̇𝜔
𝑇 = ∬ 𝜌(𝑉

(2.6)

For the hovering rotor shown in Figure 2.8 the principle of conservation of energy
can be seen in Equation 2.7.
1
1
⃑ ⋅ 𝑑𝑆)𝑉
⃑ 2 = 𝑚̇𝜔
𝑇𝜐𝑖 = ∬ 𝜌(𝑉
2
2

(2.7)

Combining Equations 2.6 and 2.7 yields the relationship between the induced
velocity and the velocity far downstream of the rotor which is shown in Equation 2.8.
𝜐𝑖 =

1
𝜔
2

(2.8)

Using Equations 2.4-2.8 it can then be determined that the thrust produced by the
hovering rotor is as shown in Equation 2.9.
𝑇 = 𝑚̇𝜔 = 2𝜌𝐴𝜐𝑖2

(2.9)

The relationship between thrust and power is shown in Equation 2.10.
𝑃 = 𝑇𝜐𝑖

(2.10)

Combining Equations 2.9 and 2.10 yields the ideal power to hover for a rotor and
is seen in Equation 2.11.
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𝑇3
𝑃= √
2𝜌𝐴

(2.11)

In terms of the efficiency of a hovering rotor/propeller the trend is seen in current
helicopters. The larger the disk area the more efficient. UAM vehicles rely on taking
what may be a large disk area and breaking it down into many smaller disks that
combined add up to the large area. Filippone and Barakos (2021) address this in their
work. They additionally state that fixed pitch propellers have poor performance in nonaxial flight because of their inability to flap.
2.8 Time Constant
A common concept in controls is the time constant. This time constant equates to
the time when the value has reached approximately 63% of the desired value (Liptak,
2005). It is common for systems to be defined by both a time constant and a gain. The
gain relates to the amplitude of the process that is occurring and the gain has no effect on
the time constant. The time constant measures how long it takes a system to respond to an
input. While it is possible to define a time constant to be any percentage of the desired
value, commonly it follows the definition that was previously stated as being the time it
takes to reach 63% of the desired value. This work when referring to a time constant is
referring to the time it takes to reach 63% of the desired value. This can be seen in Figure
2.9 for a system with a time constant of 0.1 seconds. Figure 2.9 shows the step response
with the time constant shown. As stated the system shown in Figure 2.9 was designed
with a time constant of 0.1 seconds.
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Figure 2.9 Example of time constant on a step response.

2.9 Turbulence Modelling
There are two common models for turbulence in the aviation industry: the Dryden
model and the von Kármán model (United States of America, 1997). Both models are
defined in the Department of Defense MIL-STD-1797A (United States of America,
1997). While the models are similar and utilize power spectral density, the Dryden model
is rational for the power spectral density and the von Kármán model is irrational for the
power spectral density. Also, both models utilize a scale length which is defined by
Equation 2.12 for altitudes from 10 feet to 1000 feet.
𝐿𝑢 =

ℎ
(0.177 + 0.000823ℎ)^1.2

(2.12)

Where h is the altitude in feet. At this altitude range, turbulence intensities are defined in
terms of wind velocity and are seen in Table 2.1.
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Table 2.1
Turbulence wind velocities.

Severity

Velocity (kts)

Light

15

Medium

30

Heavy

45

The MIL-STD-1797A was originally released in 1990 and the turbulence models
referenced in the last paragraph were created in the 1950s. In this time period, the aircraft
that these models were being used for were large, like the Boeing 747 or the C-130, the
UAM vehicles discussed here are of a considerably lower size. Additionally, UAM
vehicles are based on drones and UAVs which are of an even smaller size. However, the
models have been shown to be applicable to the smaller scale vehicles that represent
UAM and UAV vehicles (Cole, 2018)
2.10 Handling Qualities for Hover
ADS-33-E-RPF is the current requirements guide for rotorcraft, however, it was
identified that it is lacking hover disturbance rejection criteria. Berger, Ivler, Berrios,
Tischler, and Miller sought to fill this gap by determining disturbance rejection
bandwidth and peak criteria (Berger et al, 2016). These criteria are defined in Equation
2.13 (Berger et al, 2016).
𝜔 (|

𝜙′
| = −3 𝑑𝐵) ≡ 𝜔𝐷𝑅𝐵 = 𝐷𝑅𝐵 (𝑟𝑎𝑑/𝑠𝑒𝑐)
𝜙𝑑

(2.13)
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Equation 2.13 shows the definition of disturbance rejection bandwidth for a
specific axis, and states that the bandwidth is the point where the magnitude of the output
divided by the input is equal to -3 dB. This is commonly determined using a Bode plot of
the system.
They were able to successfully determine criteria for this gap. These criteria are
shown in Figure 2.10. These requirements have been successfully used on multiple
programs and are to be incorporated into the next revision of ADS-33.

Figure 2.10 Handling qualities requirements determined by Berger et al. (2016).

2.11 Summary of Literature
Based on the literature presented in this chapter, it is identified that the literature
focuses on having a vehicle or a mission and doing analysis on said vehicle/mission and
determining if the design is viable. Doing this requires multiple software programs and
involve the creation of full 3-D simulations of the proposed vehicle. Additionally, all the
vehicle viability in the literature reviewed utilized handling qualities and ADS-33 for the
determination of viability. Essentially, the literature performs a type of guess and check
process to determine viability of a vehicle. Guess a rotor size based on mission
requirements, see if it results in a vehicle that is feasible. The analysis done is also time
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consuming as it relies on complicated full vehicle simulations that account for full 3-D
motion about all six axes.
The literature also identifies the lag in the response of the motor and rotor as a key
factor in the viability of the vehicle. Additionally, the handling qualities used all rely on
the frequency responses of the vehicles.

24
3. Methodology
This methodology was developed with the goal to fill the gap left by the sources
presented in the previous chapter. This methodology seeks to be able simplify the vehicle
to provide for a viability limit without the need for complex simulation models or control
design.
This methodology has been divided into sections based on general theme. To
start, the vehicle will be defined. This will include the vehicle configuration, the weight
estimation of the vehicle, and the vehicle sizing. Next, the propulsion will be looked at in
terms of the blade and the motor.
The overall process shown in Figure 3.1 is characterized by two main loops that
account for the iteration on both T/W and propeller/rotor diameter. For this analysis
initial conditions of the T/W was set to be 1.1. The diameter iteration uses an initial
condition of 0.1 feet. This was selected to avoid a diameter of zero which can cause
mathematical issues. The metrics are then applied to the data to create a plots that show
the limit. Finally, an overall pass/fail limit table will be created that contains the
combination of the results of all metrics.
Figure 3.2 shows the detailed process. It is the expansion on the singular process
block in Figure 3.1. Figure 3.2 is broken down by components of the vehicle parameters,
propeller parameters, and motor parameters. Finally, the output from Figure 3.2 is sent to
Figure 3.1.
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Figure 3.1 Overview methodology flowchart.
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Figure 3.2 Detailed methodology flowchart.

3.1 Vehicle Methodology
As stated in Section 1.3, the scaling metric for this research is rotor/propeller
radius. Because of this, it is necessary to relate any size or dimension of the vehicle to the
rotor/propeller radius. However, it is first necessary to determine the configuration that
the vehicle will have.
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3.1.1 Vehicle Configuration
Based on the information presented in Section 2.3, there are 3 major
configurations to choose from: multicopter, lift plus cruise, and tilt wing/rotor. Of these
configurations, it was identified that the multicopter is the simplest and the most likely to
be the first configuration in production. Additionally, many other concepts behave like a
multicopter in hover. From this it was determined that the vehicle for this research should
be of the multicopter configuration.
A multicopter can still have an unknown number of rotors/propellers. Looking
back to Figure 1.2, the Workhorse SureFly is an 8-propeller vehicle, and the Bell Nexus,
while not being a multicopter, has 4 propellers. An important note on the Workhorse
SureFly, is that its 8 propellers are really 4 pods of 2 propellers each. It was determined
that a quadcopter is the configuration for this research. This was based on the Workhorse
SureFly, and also that the quadcopter is the simplest of the multicopters. To the author’s
knowledge there does not exist any multicopters that use less than 4 rotors/propellers,
while several multicopters use more than 4 rotors/propellers.
3.1.2 Gross Weight Estimation
To estimate the gross weight of the vehicle, it is necessary to determine the
relationship between propeller radius and gross weight. This can be accomplished using
vehicles of known propeller radius and weight. However, since the vehicle has the
configuration of a quadcopter it is necessary to only use vehicles that are also
quadcopters, or to account for the number of propellers. Additionally, there are two
distinct types of quadcopters for which this estimation needs to be accurate: the hobby
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drone sized vehicle and the full-sized passenger vehicle that is a UAM vehicle. Table 3.1
shows the propeller radius and gross weight for a selection of quadcopters.

Table 3.1
Gross weight relationship vehicle parameters

Vehicle Parameters
Vehicle

Propeller Radius (ft.)

Gross Weight (lb.)

Syma X11

0.11

0.07

DJI Phantom Pro 4

0.39

3.06

DJI Mini 2

0.20

0.55

Mavic Air 2

0.30

1.26

Malpica 1 Pax C

6.50

1324.81

Malpica 2 Pax C

8.50

2752.71

Malpica 4 Pax C

11.20

4713.46

Malpica 6 Pax C

11.60

6479.94

Malpica 1 Pax R

6.40

1287.17

Malpica 2 Pax R

7.80

2292.36

Malpica 4 Pax R

10.50

4163.74

Malpica 6 Pax R

12.30

5716.42

It is important to note that of the 12 vehicles in Table 3.1, 8 of them are
quadcopter design concepts that were designed by Malpica and Withrow-Maser in their
work. To the author’s knowledge, there exists no data for a physical working quadcopter
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in the size range that Malpica and Withrow-Maser’s concepts are in. The vehicles from
Table 3.1 are shown in Figure 3.3 Example quadcopters. In order: DJI Mavic Air, Syma
X11, DJI Mini 2, Artist Concept of Malpica and Withrow-Maser design.

Figure 3.3 Example quadcopters. In order: DJI Mavic Air, Syma X11, DJI Mini 2, Artist
Concept of Malpica and Withrow-Maser design.

Based on the data presented in Table 3.1, a fitted curve was used to obtain
Equation 3.1. Equation 3.1 was created using the statistical power law.
𝐷𝐺𝑊 = 3.8817𝐷2.3073

(3.1)

This fit method was chosen as it has a better correlation value than a linear fit. For
the fit used for Equation 3.1, the R2 correlation is 0.998. The relationship can also be seen
in Figure 3.4 where ‘C’ stands for collective pitch control and ‘R’ is for speed control. It
is important to note with Figure 3.4 that the curve is almost entirely made up of concepts
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developed by Malpica and Withrow-Maser. These vehicles were purely conceptual, and
the speed-controlled variants were not stabilizable.
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Figure 3.4 Empirical curve for propeller diameter to gross weight.

3.1.3 Vehicle Sizing
In aviation, the sizing or design of a new vehicle generally is based on the mission
it is required to perform. The ‘goal’ of the design may be to carry 2 passengers 100 miles,
or be able to perform complex maneuvers, or be able to carry a large payload, or any
number of any missions that exist. There then exists methods based on the mission to size
the vehicle. People like Daniel P. Raymer, 2018 have written entire books on methods for
the conceptual design of a new airplane. For instance, Raymer has created empirical
trends for what the empty weight fraction will be of the new airplane based on in general
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what the mission is and what the planned gross weight is. However, it is not possible to
simply apply this to multicopters.
The inability to apply normal design methods stems from two reasons: the normal
methods rely on empirical data from existing vehicles and that they work on a weight
scale in the thousands of lbs. For multicopters, there does not exist the empirical trends.
Also, this analysis seeks to go in terms of weight from the hand sized micro-air-vehicle
all the way to the size range of a full-scale helicopter. It is for these reasons that a new
sizing method was determined for this analysis.
The quadcopter can be divided into two main parts the fuselage and the
propulsion system. This division can be seen in Figure 3.5. In Figure 3.5, the fuselage is
shown in blue, and the propulsion system is shown in red. The fuselage can then be
divided into the main body and the booms. The booms are what connect the propulsion
system to the main body. For this research it is assumed that the booms of the quadcopter
do not represent significant mass and that all the mass is contained in the main body of
the quadcopter.

Figure 3.5 Parts of a quadcopter.
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With the mass distribution determined, the shape of the vehicle is needed. Most
UAM vehicles and all vehicles have their shape determined for aerodynamic properties.
The goal is to minimize drag. Figure 3.6 shows the VoloCity by Volocopter, a current
UAM multicopter concept.
Another important factor in the design of a vehicle is whether it is a low or high
placement of the rotors. Both the quadcopter shown in Figure 3.5 and the VoloCity
shown in Figure 3.6 utilize a high placement of the rotors. It should be noted that like the
wing placement on an aircraft a high rotor is more stable than a low rotor. A high rotor
was also primarily chosen for safety as a low rotor places rotors closer to people moving
around the vehicle.

Figure 3.6 VoloCity by Volocopter (Volocopter, 2021).

In Figure 3.6, the main body of the VoloCity is made up of complex curves.
However, overall, the shape of the main fuselage is similar to that of a rectangular prism.
Looking back to Figure 3.3, the drones show an even greater degree of similarity to a
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rectangular prism. Based on this, it is assumed that the inertia of the main body of the
vehicle can be approximated as a rectangular prism.
The rectangular prism, as shown in Figure 3.7, has dimensions of width (w),
height (h), and depth (d). Treating the front of the vehicle as aligning with the face
perpendicular to the positive x-axis of Figure 3.7 leads to Equation 3.1 for the mass
moment of inertia of a rectangular prism rotated about its x-axis (Center of Mass, 2021).
In Equation 3.2 m is the mass of the rectangular prism and d and h are the dimensions as
shown in Figure 3.7.

Figure 3.7 Rectangular prism with axis and dimensions.

𝐼𝑥𝑥 =

1
𝑚(𝑑 2 + ℎ2 )
12

The final step to estimate the fuselage moment of inertia is to determine the
relationship between the values d and h to the propeller radius. These relations were

(3.2)
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arbitrarily determined with the thought that the propellers would be outside of the
fuselage area. The determined dimensions are shown in Figure 3.8.

Figure 3.8 Dimensioned quadcopter.

The dimensions shown in Figure 3.6, are also expressed in Equations 3.3-5.
𝐿𝑥 = 3𝑅

(3.3)

𝐿𝑦 = 𝐿𝑥 = 3𝑅

(3.4)

𝐿𝑧 = 1.5𝑅

(3.5)

Not shown in Figure 3.6 are the booms that connect the propellers to the main
fuselage. The length of the booms was set to be equal to the radius of the propeller so that
the propeller would not intersect with the main fuselage. The vehicle fuselage inertia
relationship to propeller diameter can be seen in Figure 3.9.
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Figure 3.9 Fuselage inertia variation with propeller diameter.

The relationship shown in Figure 3.9 is as expected, inertia scales with the square
of length. Since all the dimensions used in this analysis are based on propeller diameter,
it fits that the length for inertia is the diameter of the propeller.
3.2 Propeller Sizing
With the vehicle parameters determined, the propulsion system is the missing
component of the vehicle. Starting with the propeller, it is necessary to determine the
propellers chord. This can be done by Equation 3.6 (McCormick, 1995). Equation 3.6
states that the chord of the propeller/rotor us dependent on the design thrust of the
propeller/rotor, and is inversely dependent on the number of blades, the atmospheric air
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density, the radius of the propeller/rotor, the average lift coefficient of the blade, and the
tip velocity.
𝐶=

𝜒𝑐 6𝑇
2
𝑁𝑏 𝜌𝑅𝐶̅𝑙 𝑉𝑡𝑖𝑝

(3.6)

For this research it was defined that the tip Mach of the propeller was initially 0.5.
By setting the tip speed it ensures that the propeller is not encountering transonic or
supersonic flow at any point along the length. However, there are also limits on the chord
of the propeller. To ensure that the chord of the propeller does not grow larger than the
propeller radius Equation 3.7 is used.
𝜎=

𝑁𝑏 𝐶
𝜋𝑅

(3.7)

Equation 3.7 is the equation for the solidity of a rotor or propeller and is
commonly used in rotorcraft analysis. It is the ratio of area of the propeller to the area of
the disk that the propeller sweeps when rotating. Purely based on Equation 3.6 it is
possible to have solidities greater than 1, which are not possible in reality. To account for
this, an iterative process is used. This iterative process is shown in Figure 3.10. If in the
process of reducing the solidity to an acceptable value, the tip speed reaches a value
greater than Mach 1.0 it is determined that it is not possible to produce the desired
amount of thrust at that propeller radius.
To determine the weight of the propeller it is necessary to know the power that
the propeller will be subjected to. It is possible to estimate the power based on the thrust
using momentum theory, however, that is an ideal theory and will underestimate the
power. This underestimation can also be accounted for with a correction factor. It is also
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possible to determine power based on the rotational speed and torque as shown in
Equation 3.8.

Figure 3.10 Iterative process for determining blade chord.

𝑃𝑝𝑟𝑜𝑝 = 𝑄Ω

(3.8)
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To use Equation 3.8 to determine the power the torque of the propeller is needed.
To determine the torque Equation 3.9 is used (McCormick, 1995).
1
𝑄 = 𝑁𝑏 𝜌𝐶𝑑 𝐶𝑅 4 Ω2
8

(3.9)

Equations 3.6-3.9 use several aerodynamic and design parameters which are listed
in Table 3.2.

Table 3.2
Aerodynamic and design parameters for Equations 3.6-3.9.

Parameter

Value

Chord Correction Factor (𝜒𝑐 )

2

Number of Blades (Nb)

2

Air Density (ρ) [slug/ft3]

0.0023772

Average Lift Coefficient (𝐶̅𝑙 )

0.7

Average Drag Coefficient (Cd)

0.01

The chord correction factor was determined by comparing mathematical results of
the process with existing vehicle data. This will be shown in Section 3.3. With the chord
and power of the propeller determined the next parameters to be determined are the
propeller weight and inertia. The inertia is determined using the NDARC model for a
propeller or fan installation. The NDARC AFDD10 model is shown in Equation 3.10
(Johnson, 2015).
0.91996 −0.48758 −0.45904 0.15690
𝑊𝑝𝑟𝑜𝑝 = 9.90350𝜒𝑝𝑟𝑜𝑝 𝑃𝑝𝑟𝑜𝑝
𝑁𝑏
Ω𝑝𝑟𝑜𝑝
𝐷𝑝𝑟𝑜𝑝 𝑓𝑚

(3.10)
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In Equation 3.10, fm varies based on the material of the propeller. For this
research it is assumed that the propeller will be made of a composite construction which
yields a material factor of 1.
The last propeller parameter is the propeller inertia which can be determined
using the thin rod approximation discussed earlier. The thin rod approximation is shown
in Equation 3.11.
𝐼𝑝𝑟𝑜𝑝 =

𝑊𝑝𝑟𝑜𝑝 𝑅 2
3𝑔

(3.11)

3.3 Propeller Sizing Validation
The propeller chord variation with changing blade diameter and thrust can be seen
in Figure 3.11. This was done using Equation 3.6 and validated using PAV-ER and
Airbus Vahana. PAV-ER is the prototype octocopter created by Embry-Riddle’s Eagle
Flight Research Center. Originally, a chord correction factor of 1 was used, which
resulted in a not good fit to PAV-ER and Airbus Vahana. The chord correction factor was
then changed using a guess and check method until the value of 2 was reached and
determined to provide an acceptable fit to PAV-ER and Airbus Vahana. It is important to
note that Airbus Vahana uses a three bladed propeller as opposed to the two bladed
propellers used in this analysis and by PAV-ER. Since this analysis uses tip Mach
number as the variable parameter, the variation in tip Mach number with varying thrust
and blade diameter is shown in Figure 3.12.
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Figure 3.11 Propeller chord with varying thrust and radius.

Figure 3.12 Tip Mach variation with diameter and thrust variation.
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While Figure 3.12 only shows blade diameters ranging from 0-2 feet, it shows
that at small diameters, to meet the solidity requirement, the tip Mach number is over 1.
This is unrealistic as a supersonic blade would produce a tremendous amount of drag and
require an incredibly high torque to drive it. It is also important to note that this only
occurs at very small diameters with high thrust required.
The approximation for the weight using Equation 3.10 is shown in Figure 3.13.
Using the Sensenich propellers as a check on the model, shows that a correction factor
(χprop) of 2/3 accurately predicts the weight of a propeller in the size and power range of
the Sensenich propellers.

Figure 3.13 Propeller weights with varying diameter and power.
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Following the weight, Equation 3.11 was used to find the change in propeller
inertia with varying propeller diameter and power and the results are shown in Figure
3.14. Unfortunately, no data was able to be found to use to verify this model or to
determine a correction factor to increase the accuracy. However, this method for
approximating propeller inertia is a common design method and is more trusted than
other methods discussed previously.

Figure 3.14 Propeller inertia with varying propeller diameter and power.

3.4 Propeller Sizing Implementation
The implementation of the chord determination from Equation 3.6 is shown in
Figure 3.15. The results from Figure 3.15 show: as diameter and thrust increase so too
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does chord. Vehicles that have a lower T/W have a smaller chord as the propeller has less
thrust that it needs to produce.
Figure 3.16 shows the implementation of the propeller weight as calculated with
Equation 3.10. The propeller weight also shows that as the diameter and the power of the
propeller is increased, so too is the weight of the propeller.

Figure 3.15 Implementation of chord determination.

44

Figure 3.16 Implementation of propeller weight determination.

The inertia of the propeller is shown in Figure 3.17. Given that the inertia scales
with the square of the propeller diameter, it is expected and seen that the inertia increases
as propeller diameter is increased. Additionally, the increase in T/W causes an increase in
the propeller inertia.
The torque needed to size the motor is shown in Figure 3.18. This is done using
Equation 3.10. Figure 3.18 follows general expectations that as the propeller diameter
increases the torque required also increases in a non-linear fashion. Additionally, the
higher thrust required the larger the chord and the higher the torque required.
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Figure 3.17 Implementation of propeller inertia.

Figure 3.18 Propeller required torque used for motor sizing.
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3.5 Electric Motor Sizing
The other half of the propulsion is the electric motor. The motor needs to have
sufficient torque to drive the propeller, minimize weight, and have sufficient response
time to a change in speed/torque.
Electric motors define both the peak and continuous torque that the motor can
produce. Additionally, a key parameter of the electric motor is known as the torque
constant. The torque constant is essentially a measure of efficiency as it relates the
current into the motor to the torque out of the motor.
For this research, the EMRAX family of motors were used as representative of
electric motors for use in the aviation industry. Specifically, the high voltage, liquid
cooled motors were used. Data for EMRAX motors is seen in Table 3.3.

Table 3.3
Emrax motor parameters.
High Voltage, Liquid Cooled EMRAX Motors
Model

Weight

Continuous

Peak

Peak

Torque

Armature

(lb.)

Power (Hp)

Power

Torque

Constant

Resistance

(Hp)

(lb. ft.)

(Nm/A)

(milliohms)

188

16

34

70

66

0.6

5

208

21

47

91

103

0.8

5

228

27

71

146

170

1.1

7

268

45

98

268

369

1.9

10.5

348

93

148

510

738

2.5

12.3
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The parameters shown in Table 3.3 were then used to construct fitted curves.
Additionally, based on the information shown in Section 2.5, an additionally 50% weight
is added to the motor weight to account for the other components of the propulsion
system such as the motor controller and cooling system.
To calculate the response time of the motor Equation 2.3 was used. To use
Equation 2.3, it was necessary to calculate the

𝛿𝑄𝐴
𝛿Ω

term. This can be done by taking the

partial derivative of aerodynamic torque with respect to RPM of Equation 3.8. The result
of this is seen in Equation 3.12.
𝛿𝑄𝐴 1
= 𝑁𝑏 𝜌𝐶𝑑 𝐶𝑅 4 Ω
𝛿Ω
4

(3.12)

Other terms in Equation 2.3 which were considered constant can be seen in Table
3.4.

Table 3.4
Motor response time parameters

Parameter

Value
𝑙𝑏𝑓𝑡

Proportionality Constant (c)

0.7374 𝑁𝑚

Gearing Ratio (r)

1

Friction and viscous losses (B)

0
𝛿𝑉

Partial of Voltage with respect to RPM (𝛿Ω)

-1

The proportionality constant is necessary to convert between the metric units of
the torque constant and the Imperial units used for the other terms. The gearing ratio of
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the gearbox connecting the motor to the propeller is set to be 1 as that means that there is
no gearbox. The motor can be coupled directly to the propeller. This reduces the weight
of the propulsion system and reduces the complexity of the drive system. For this
analysis, the drive system is taken as having no losses. Malpica and Withrow-Maser
𝛿𝑉

stated that a negative 𝛿Ω feedback term will reduce the time constant of the system. In
𝑉𝑠

terms of a value for the feedback term, unit wise it needs to have units of 𝑟𝑎𝑑. This
matches the units of the torque constant Ke. However, looking at the values for Ke
presented in Table 3.3 show that the values range from 0.6 to 2.5. From this a value of -1
was used as a constant for all analysis. This matches the assumption made by Malpica &
Withrow-Maser (2020).

Using the data from Table 3.3, fitted curves were created for the weight of the
motor, the torque constant of the motor, the armature resistance of the motor, and the
inertia of the motor. These curves are shown in Figure 3.19-Figure 3.22.
For Figure 3.19, the fitted curve follows Equation 3.13. The R2 correlation factor
for Equation 3.13 is 0.982.
𝑊𝑚𝑜𝑡 = 0.7632𝑄 0.7103

(3.13)
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Figure 3.19 Peak torque to weight curve fit.
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For Figure 3.20, the fitted curve follows Equation 3.14. The R2 correlation factor
for Equation 3.14 is 0.9948.

Figure 3.20 Power to torque constant curve fit.

𝐾𝑒 = 0.0128𝑃

(3.14)

Figure 3.21 showing the fitted curve for armature resistance. The determined
curve fit is also shown in Equation 3.15. The curve fit has a R2 correlation of 0.9778.
𝑅𝑎 = 9.42 ∗ 10−5 𝑃

(3.15)
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Figure 3.21 EMRAX power vs resistance.
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The motor inertia is shown in Figure 3.22 with the accompanying curve fit in
Equation 3.16. The curve fit has a R2 correlation of 0.9969.

2.5
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Figure 3.22 EMRAX power vs motor inertia.

𝐽 = 0.004𝑒 0.0286𝑃

(3.16)

The partial derivative of torque with respect to RPM using Equation 3.12 is
shown in Figure 3.23. Figure 3.23 is similar to Figure 3.18 in that, both increase
nonlinearly with propeller diameter.
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Figure 3.23 Partial derivate of torque with RPM vs propeller diameter.

The time constant of the coupled motor and propeller can be seen in Figure 3.24
and Figure 3.25. It is seen in Figure 3.24 that the time constant grows very large as
propeller diameter increases. Figure 3.25 is zoomed in upon the time constants between 0
and 1 seconds. It shows that the higher the T/W required the quicker the time constant
increases. This is to say that for the same propeller diameter a higher T/W required will
have a higher motor time constant than a vehicle with a lower T/W required.
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Figure 3.24 Motor time constant vs propeller diameter.

Figure 3.25 Zoomed in motor time constant vs propeller diameter.

53
3.6 Propulsive Pod
The propulsive pod is the combination of the propeller and the electric motor. The
weight of 1 propulsive pod is shown in Figure 3.26. Figure 3.26 shows the weight of 1
propulsive pod; however, the vehicle has 4 propulsive pods. To fully capture this, the
weight fraction of the propulsive pods to the gross weight is shown in Figure 3.27. The
propulsion system weight fraction increases with propeller diameter and vehicle T/W.
The goal of design should be to minimize the propulsion weight fraction, which suggests
smaller vehicles with lower T/W are better purely in terms of the propulsion system
weight fraction. Additionally, this weight fraction can be used in future designs for UAM
quadcopters.

Figure 3.26 Weight of the propulsive pod vs diameter.
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Figure 3.27 Propulsion system weight fraction.

The propulsive pod can also be thought of as an independent item from the
vehicle and, as such, has a T/W (T/WPOD). The T/WPOD is shown in Figure 3.28. The
T/WPOD is a valuable check on the propulsive pod design. A T/WPOD of 1 can only lift the
propulsive pod and, as such, cannot lift any attached vehicle. To be effective, a
propulsive pod must have a T/WPOD greater than 1. Ideally, the T/WPOD would be
maximized as that would yield the lightest pod with the highest thrust.
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Figure 3.28 Propulsive pod T/W vs diameter.

3.7 Viability Metric 1
The first metric was selected to focus on the time response/frequency response of
the system. This is to say that if the two parts of the problem are can the vehicle respond
to the amplitude of the disturbance and the frequency of the disturbance. This was
determined to be similar to turbulence.
Turbulence is a highly irregular flow that is generally not looked at
deterministically. However, for aircraft, models have been created with defined
characteristics for use in design. The characteristics for low altitude were discussed in
Section 2.9.
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3.8 Quadcopter Model for Viability Metric 1
Using the parameters determined in previous sections, a 1-D quadcopter model
was constructed in roll. However, it is acknowledged that with the dimensions of the
vehicle as defined in Section 3.1.3 the pitch and roll dimensions are the same. The model
is constructed using MATLAB Simulink. This can be seen in Figure 3.29.

Figure 3.29 Turbulence requirement Simulink model.

The model assumes that the quadcopter is in a stable hover at the start of the
simulation. Since this is an open-loop model, there is no feedback from the roll angle to
the motor time constant transfer function. The saturations on the pod thrust are set to
ensure that the thrust does not exceed the defined vehicle thrust-to-weight ratio. Linear
analysis input and output points were then added to the model so that the MATLAB
Simulink Model Linearizer tool could be used. Using the Model Linearizer, it is possible
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to apply frequency response analysis to the system. This is characterized by the Bode
plot. From the Bode plot, the cutoff frequency was determined.
It was then necessary to convert the turbulence values in Section 2.9 to a
frequency so that a comparison could be done. To do this it is necessary to divide a linear
velocity by a characteristic length to create a frequency. This was done using Equation
3.17.
𝜔 𝑇𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑐𝑒 =

𝑉𝑇𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑐𝑒
𝐿𝑢

(3.17)

Equation 3.17 creates requirements for light, medium, and heavy turbulence
intensities that can be compared to the bandwidth from the turbulence Simulink model.
However, the scale length is dependent on altitude. For this analysis, an altitude of 500
feet was used.
Section 2.2 also showed that current research in this field relies on handling
qualities-based assessments of vehicles to determine viability. Because of this, also
included in this metric is the comparison of the disturbance rejection bandwidth of the
simulated vehicles to the limits for handling qualities presented in Section 2.10.
3.9 Viability Metric 2
The lag in the system has been shown to have a large effect on the performance of
the vehicle. The lag caused by the coupling of the motor and rotor was shown in Figure
3.24, and can be considered to be a component of the control lag. Based on the research
presented in Section 2.2, it was determined by the author that 100 milliseconds was the
maximum allowable motor/rotor time constant to limit lag in the system. This was based
off 240 milliseconds being considered to be bad (Malpica and Withrow-Maser, 2020).
Additionally, the time constant used by Giovagnoli was 77 milliseconds (Giovagnoli,
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2018). From both of these 100 milliseconds was determined to be an appropriate value. It
is important to note that while the motor/rotor time constant was limited to 100
milliseconds, it is possible to have other sources of lag in the system that would result in
a total control lag of greater than 100 milliseconds.
3.10 Viability Metric 3
The previous research done by Giovagnoli used a static metric of the thrust-toweight ratio of the propulsive pod to determine viability. However, the requirements
selected by Giovagnoli were set arbitrarily. It was desired for this analysis to use
requirements more rooted in current aircraft certification/design requirements. To
accomplish this, requirements were taken from ADS-33E-PRF.
ADS-33E-PRF details performance and handling qualities requirements for
military rotorcraft. The document details requirements for maneuvers ranging from high
and low Yo-Yos to slaloms to sidestep maneuvers. The requirements for the sidestep
maneuver can be seen in Figure 3.30.
From the requirements detailed in Figure 3.30, it was determined that the
requirements for this analysis would be the ability to meet level 1 rate response for the
aggressive agility roll requirement.
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Figure 3.30 Rate Requirements (ADS-33E-PRF, 2000)

3.11 Quadcopter Model for Viability Metric 3
To evaluate the bank capability a 1-D of freedom model was created in MATLAB
Simulink. This model can be seen in Figure 3.31.
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Figure 3.31 Sidestep requirement Simulink model.

The model starts with zero bank angle, zero bank rate, and all pods operating at
the same thrust. All pods then undergo a thrust change of the difference between the
hover thrust and the max thrust-to-weight thrust. Pods 1 and 4 gain thrust, while pods 2
and 3 have a reduction in thrust. This keeps total thrust as a constant to support the hover.
3.12 Methodology Summary
The methodology presented in this chapter detail the design and configuration of a
scalable quadcopter vehicle. This methodology developed scaling methods that are
independent of vehicle mission. These scaling methods include relating vehicle weight to
rotor diameter, rotor chord sizing, electric motor sizing, and vehicle dimensions based on
rotor diameter. Metrics were then developed that include the viability criteria used in
literature and historical design criteria.

61
4. Results
The results in this section are broken down by metric. The metrics are discussed
in order, and then overall results from the combination of the metrics are presented.
4.1 Metric 1: Frequency Based Analysis
The turbulence capability is defined by the Bode plot of the open loop system.
Representative vehicles at 0.1 feet, 5 feet, and 20 feet propeller diameters are shown at a
constant vehicle T/W of 1.5 in Figure 4.1-Figure 4.3. In Figure 4.1, it is seen that a
vehicle with a propeller diameter of 0.1 feet has an incredibly high bandwidth compared
to the larger vehicles in Figure 4.2 and Figure 4.3. It is also seen in all Bode diagrams
that the system is in phase while the bandwidth is not exceeded.
Looking at Figure 4.2, the 5 feet propeller diameter, the bandwidth is reduced by
over a factor of 100. Between the 5 feet diameter and the 20 feet diameter, it is observed
that the bandwidth is reduced by approximately a factor of 10. Additionally, it is
observed that the phase response is the best at the 5 feet diameter. This is because the
phase stays at 0° longer for the 5 feet diameter case compared to the 0.1 feet and 20 feet
diameter cases.

Figure 4.1 Bode plot for a vehicle with diameter = 0.1 ft.
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Figure 4.2 Bode plot for a vehicle with diameter = 5 ft.

Figure 4.3 Bode plot for a vehicle with diameter = 20 ft.
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Applying the bandwidth of the vehicle to the turbulence intensities from Section
2.10, yields Figure 4.4. Figure 4.4 shows that the higher the T/W of the vehicle the worse
the frequency response is. This is due to the higher T/W vehicles having more mass in the
pods compared to in the fuselage. If the vehicle is only being designed for light
turbulence than it is possible, based on the frequency response, to have a 40 feet
propeller.
It is also unlikely that a vehicle is ever designed to only be able to handle light
turbulence. Only, being able to handle light turbulence will restrict operations on any day
where turbulence is more intense than light intensity. For this reason, it is the intersection
of the bandwidth curves and the heavy turbulence limit line that is taken as the maximum
propeller diameter of a speed-controlled propeller. However, the intersection points for
all 3 turbulence intensities can be seen in Table 4.1.

Figure 4.4 Bandwidth vs diameter with turbulence limits.
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Table 4.1
Size limit based on turbulence capability.
TW

Light

Medium

Heavy

1.1

37.3 ft.

25.7 ft.

20.4 ft.

1.2

36.9 ft.

25.4 ft.

20.1 ft.

1.3

36.4 ft.

25.1 ft.

19.9 ft.

1.4

35.8 ft.

24.7 ft.

19.6 ft.

1.5

34.6 ft.

23.9 ft.

19 ft.

1.6

34.5 ft.

23.8 ft.

19 ft.

1.7

33.5 ft.

23.2 ft.

18.5 ft.

1.8

32.4 ft.

22.5 ft.

18 ft.

1.9

31.2 ft.

21.8 ft.

17.4 ft.

2

29.1 ft.

20.4 ft.

16.4 ft.

The limit suggested by the turbulence are considerably higher than the limit that
was suggested in Figure 1.3. From this, it is believed that the Dryden model is not a good
model for this design space. To account for this, an additional frequency-based metric
was used to replace the turbulence from the Dryden model.
The disturbance rejection bandwidth was also compared to the requirements
detailed in Section 2.10. The results of this are shown in Figure 4.5. It can be seen in
Figure 4.5 that the limit presented by the handling qualities is more restrictive than the
previously shown turbulence limit. Additionally, the limit presented in Figure 4.5 are
more consistent with the literature that suggested that rotors above 4 feet would have
handling quality issues. Because of this, it is considered that the turbulence portion of this
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metric should not be part of this metric going forward. The disturbance rejection
bandwidth will be taken as the results of this metric. Additionally, for more clarity a
zoomed version of Figure 4.5 is shown in Figure 4.6. From this it can be seen that the
limit is dependent on T/W by a small amount.

Figure 4.5 Disturbance rejection bandwidth vs. handling qualities limit.

Figure 4.6 Zoomed in disturbance rejection bandwidth limit.
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4.2 Metric 2: Motor Time Constant
It was identified that the motor time constant plays a large roll in both the
turbulence and the roll capability metrics. For this reason, further analysis was conducted
in the area of the motor time constant. For both the turbulence and roll capability metrics,
the motor time constant is merely calculated, it is not a design parameter. This is to say
that the motor is sized to produce the torque needed by the propeller, not to have a time
constant that meets a desired value. This section looks at the effects of requiring the
motor time constant to be less than a desired value.
While there is a desire for UAM vehicles to operate autonomously, it is expected
that they will necessitate pilots at least at the start. Because of this, a UAM vehicle can be
treated as a system that has a pilot in the loop. For pilot in the loop systems, a general
rule is that the pilot should be the source of the most lag, and that, when the system has
more lag than the pilot there is a strong possibility for pilot induced oscillations.
Generally, it is assumed that the pilot operates on a lag of approximately 0.3 seconds.
This means that the system should have a lag of no more than 0.1 seconds. Therefore,
analysis was performed to evaluate the effects of demanding that the motor time constant
be less than 0.1 seconds.
At a first look, this would simply be where the curves of motor time constant
intersect with 0.1 seconds. Figure 4.7 shows this intersection and suggests that the size
limit based on a motor time constant requirement of 0.1 seconds is between 10 and 13
feet depending on the T/W of the vehicle. However, this does not account for if it is
possible at a diameter greater than that range to have a motor time constant that meets the
desired value at the expense of upsizing the motor. To account for this Figure 4.8 shows
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the effects that requiring a motor time constant of less than 0.1 seconds has on the
propulsive pod T/W, and Figure 4.9 looks at the effects on the propulsive weight fraction.

Figure 4.7 Motor time constant vs diameter with limit line (A) and zoomed in (B).

Figure 4.8 Effects of required motor time constant on propulsive pod T/WPOD.
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Figure 4.9 Effects of required motor time constant on propulsion weight fraction.

Based on Figure 4.8 and Figure 4.9, it is not possible to hold the motor time
constant to a fixed value and increase the diameter of the propeller while having viable
propulsive pod T/Ws and propulsion weight fractions. Because of this, the limits on size
for a speed-controlled propeller in terms of a desired motor time constant of 0.1 seconds
are shown in Table 4.2. The limits shown in Table 4.2 are the smallest propeller
diameters when compared to the roll capability and the turbulence capability. This means
that the depending on the requirement for the motor time constant it is likely that the
motor time constant is the limiting factor for speed-controlled propellers. However, if the
lag of the motor is not important, then the other metrics should be used as the limiting
cases.
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Table 4.2
Propeller size limits for a motor time constant of 0.1 seconds.

Vehicle T/W

Propeller Max Diameter (ft.)

1.1

12.2

1.2

11.8

1.3

11.6

1.4

11.4

1.5

11.2

1.6

11

1.7

10.8

1.8

10.6

1.9

10.4

2.0

10.2

4.3 Metric 3: Roll Capability
The results for the roll capability are seen in Figure 4.10. It is seen in Figure 4.10
that the rotor diameter limit from Metric 3 is at the minimum 34.5 feet. This is
considerably higher than the limits shown in Metrics 1 and 2. This suggests that the
capability of a UAM vehicle is not the limiting factor.
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Figure 4.10 Diameter vs Roll Rate.

4.4 Overall Pass/Fail Limit
Compiling Metrics 1, 2, and 3 results in the overall pass/fail limit shown in Figure
4.11. In Figure 4.11, the red lines represent the limits from the previous sections. The
shaded areas represent the area in which the matching metric is viable. However, it is
important to note that in the green area all metrics are viable, in the yellow area Metrics 2
and 3 are viable, and in the blue area only Metric 3 is viable.
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Figure 4.11 Overall rotor size limit.
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5. Conclusions
This chapter details the conclusions drawn from the results presented in the
previous chapter. This chapter also identifies areas for future work in this research area.
5.1 Propeller/Rotor Size Limit
Three metrics were evaluated to determine the size limit for speed-controlled
propellers. Roll capability, turbulence, and motor time constant. All metrics were applied
to the same theoretical quadcopter vehicle that was designed for this analysis to be able to
scale over the full-size range.
Roll capability is the least restrictive metric with the maximum controllable
propeller diameter of 34.5 feet. This means that the historical metrics of rate capability
are not the correct metrics for this design space.
The turbulence portion of Metric 1 is more limiting than the roll capability metric.
The open-loop frequency response showed that the higher the T/W of the vehicle the
worse the bandwidth of the open-loop system. While a quadcopter designed to only be
capable of handling light turbulence can have a propeller diameter larger than the limit
established by the roll capability, it was determined that it did not make sense to design a
vehicle to only handle light turbulence, as that would decrease the capability of the
quadcopter. It can also be concluded from this that Dryden model breaks down in this
design space.
Metric 2, the motor time constant, is seen to be more restrictive than the
turbulence portion of Metric 1, however, the limit for Metric 2 was set based on limited
information on what the limit should be, however, since it is not the limiting metric it
suggests that a different value should be selected. Based on the limit created by the
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disturbance rejection bandwidth of Metric 1, the limit for the motor time constant is
approximately 10 milliseconds. Metric 2 does have the advantage that it is configuration
independent though. The methodology for determining the motor time constant can be
applied to any coupled motor and rotor without the need for a determined vehicle
configuration. This is advantageous to the designer in that with less information an
approximation of the viability can be determined, presuming, that the designer has a limit
for the lag in the system.
The disturbance rejection bandwidth portion of Metric 1 is seen to be the limiting
case for speed-controlled propellers/rotors. It shows a limit of 5 feet for speed-control and
fits with already existing research in the field. Overall, the limit for speed-controlled
propellers/rotors is 5 feet in diameter, and the limiting factor on this is the frequency
response characteristics of the vehicles tested.
5.2 Future Work and Recommendations
The models used in this work are 1-D models in the roll dimension. While this
works fine for the roll capability, the turbulence/open-loop response would benefit from a
full 3-D model. This would allow turbulence to be directly applied to the vehicle both in
hover and while in forward motion.
The motor time constant was seen to be the driving term that limits the size of
speed-controlled propellers. Further research into electric motors looking to optimize the
motor to reduce this time constant could potentially increase the size limit for the
propellers. Additionally, since the motor time constant is based off the simplifying
assumption that an electric motor can be modelled as a simple DC machine, verifying the
model against physical motor systems would be beneficial.
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Finally, it should be possible to use the disturbance rejection bandwidth or
handling qualities that were used in Metric 1 and solve for the motor time constant that
correlates with the handling qualities This would allow for the development of a closed
form solution for the motor time constant based on disturbance rejection criteria.
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